Optical model analysis of proton elastic scattering from 6 He has been carried out for eight sets of elastic scattering data at energies of 24.5, 25.0, 36.2, 38.3, 40.9, 41.6, 71.0 and 82.3 MeV/nucleon, respectively. The vector analyzing power and differential cross section for the elastic scattering of 6 He nucleus from polarized protons at 71 MeV have been analyzed in the framework of the optical model potential. The data are,ˇrst, analyzed in terms of phenomenological potentials using the WoodsÄSaxon form for the real and imaginary parts supplemented by a spin-orbit potential of Thomas form. The analysis has been then performed using microscopic single folded complex potentials.
INTRODUCTION
Over the last decades, since the discovery of the ®halo¯phenomenon in nuclear physics [1] , the detailed study of unstable (halo) nuclei has been at the forefront of nuclear physics research. The halo structure refers to highly neutron-rich (n-rich) or proton-rich (p-rich) light nuclei that lie, respectively, near the neutron-or proton-drip line and hence are totally ®unstable¯systems. A number of such nuclei have now become available, both as the primary and secondary beams with various low, intermediate and high energies, called the radioactive nuclear beams. With the advent of radioactive nuclear beams and the discovery that nuclear matter, under certain conditions, may present a halo structure, a renewed interest has surged in the investigation of sizes and radial shapes of nuclei. In the case of light n-rich nuclei, this new halo structure is composed of an extended low-density distribution of loosely bound valence neutrons (halo) surrounding a core consisting of the majority of the nucleons. With these new radioactive beams, a new degree of freedom, the isospin, is now currently investigated to improve that knowledge andˇnd new phenomena and properties of the nuclear matter. The structures of these nuclei are found to be different from the earlier known structures of nuclei at or near the β-stability line, and are referred to as halo structures.
The 6 He nucleus is the prototypical example of a Borromean two-neutron halo nucleus; that is, the nucleus consists of three subsystems (a tightly bound 4 He core and two valence neutrons) and none of its binary subsystems has a bound state. The two valence neutrons extend well beyond the 4 He core with a separation energy S 2n = 0.975 MeV [2] . The observed sudden rise in the measured interaction cross section in these nuclei has been attributed to the corresponding large increase in the nuclear root-mean-square radius [1] . Due to the very small separation energy of the last or the valance nucleons of these nuclei, the correct description of their wave functions plays a crucial role in the theoretical description of the scattering and reaction processes [3] .
Considerable experimental and theoretical efforts have been devoted to the understanding of the structure of halo nuclei [3Ä12] . Traditionally, proton scattering has been one of the best means by which the matter densities of the nucleus may be studied. Therefore, in order to investigate the structure of 6 He, several elastic scattering and interaction cross sections measurements have been performed for the p + 6 He reaction at energies of 721 [13] , 717 [14] , 297 [15] , 151 [16, 17] , 71 [8, 12, 18 ], 41.6 [8, 19] , 40.9 [8, 20] , 38.3 [21] , 36 [23] and 24.5 [23, 24] MeV/nucleon. These data have been analyzed either in the framework of the Glauber diffraction theory [25, 26] or using the standard optical model through the single folding (SF) approach based upon the energy-and density-dependent JLM [21, 22, 24] , the SBM [27] or the DDM3Y [28] effective nucleonÄnucleon (N N ) interactions. However, due to the low intensities of the available exotic beams, it is only recently that the inelastic scattering and transfer reactions on light particles could be undertaken to probe deeply the structure of these nuclei, i.e., to acquire further insight into the radial density distribution pertinent to these exotic nuclei [29] . The angular distributions of p + 6 He inelastic scattering to theˇrst 2 + excited state at 1.87 MeV have been measured and analyzed using the SF optical potential at 24.5 and 40.9 MeV/nucleon [24, 20, 30] . In spite of this fair amount of earlier work performed to examine the sensitivity of the elastic scattering data to the physical structure of the exotic helium nucleus, there is not full agreement in the literature to the strength of sensitivity of the elastic protonÄnucleus differential cross section at intermediate energies to the structure calculation of the target nucleus 6 He. On the other hand, spin observables in scattering experiments have been rich sources for understanding nuclear structure and reactions. Recently, the analyzing power of an unstable beam of 6 He on a polarized proton target at an energy of 71 MeV/nucleon was measured for theˇrst time [31] . It was found that at this energy the polarization changes sign from positive to negative at around 50
• , which is in contradiction with some theoretical predictions [27, 32] . From the optical model analysis [31] , it was implied that the p − 6 He spin-orbit potential might extend to a larger radius compared with the p − 6 Li case. In a recent theoretical study [33] of the same reaction, the elastic differential cross section and analyzing power observables at 297 MeV/nucleon were calculated using the impulse approximation to the single scattering term of the multiple scattering expansion of the optical potential. They found that the polarization observable for p + 6 He changes sign from positive to negative at around 30
• , and that the analyzing power for the p + 4, 6 He reactions are very similar. They [33] , also, claim that an extended neutron distribution cannot be responsible for the spin-orbit radius.
Microscopic models now exist that can predict results of both elastic and inelastic scattering reactions. When good detailed speciˇcation of the nucleon structure of the nucleus is used, those predictions usually agree very well with observations both in shape and in magnitude. Thus, it is evident that a priori information on the halo structure of a nucleus is of vital importance for the theoretical treatment of these weakly bound nuclei [34] . In a very recent study, Uesaka et al. [35] and Sakaguchi et al. [12] presented an accurate measurement of the vector analyzing power for the p + 6 He elastic scattering at 71 MeV/nucleon. There was used, for theˇrst time, a newly developed polarized proton solid target operated in a low magneticˇeld and at high temperature. The angular distribution of the elastic scattering differential cross section was also measured at angular range (42Ä87
• ) larger than that (20Ä49
• ) measured in [18] . In order to obtain theoretical reproduction of the observed data, they [12, 35] employed several (phenomenological, semimicroscopic and fully microscopic) optical potential representations. It was concluded that the spin-orbit potential for 6 He is characterized by a shallow and long-ranged shape compared with the global systematic of stable nuclei. This may resemble the diffuse density of the n-rich 6 He nucleus. However, the obtained match to the data, in particular the analyzing power at large angles, was not perfect. This may indicate limitation of the structure model and/or contribution of unaccounted reaction mechanisms that in uence the larger momentum transfer results [12] .
The main aim of the present work is to calculate differential cross sections of elastic 6 He + p scattering at different energies studying the possibility to describe the existing experimental data with as minimal number ofˇtting parameters as possible. First, a phenomenological optical potential of square WoodsÄSaxon (WS) potential supplied with a Thomas form for the spin-orbit potential was used to describe the experimental data. Second, the single folding (SF) procedure is used to construct the real part of the optical potential (OP). For the construction of the folded potential, two main ingredients are required: (a) an effective nucleonÄnucleon (N N ) interaction in-medium, allowing for the meanˇeld as well as Pauli blocking effects; and (b) a credible model of structure for the nucleus that is nucleon-based. For the effective interaction the density-and isospin-dependent M3Y effective interaction is used. For this kind of isospin-dependent effective interaction, the real folded potential receives contributions from both isoscalar and isovector components. Usually, in the usage of the complex optical model potential, for analyses of the differential cross sections, their imaginary part and the spin-orbit terms are determined in a phenomenological way.
THEORETICAL FORMALISM
Usually, the real part of the nucleonÄnucleus optical potential is assumed to be a result of an SF of the effective N N potential with the nuclear density, i.e., this is a particular case of the double folding (DF) [36] in which a δ(r 1 ) function has to be used for the density of the incoming particle ρ 1 (r 1 ). The beauty of the folding model lies in the fact that it directly links the density proˇle of the nucleus with the elastic scattering cross sections. Formally, the SF potential is given as
where s = R − r 2 . Exotic nuclei usually have nonzero isospin and it is necessary to make explicit the isospin degrees of freedom. For that reason the present calculations have been performed using υ D(EX) (|s|, ρ, E), inside the integral of Eq. (1) for the SF procedure, as the DDM3Y effective [37] interaction given by
where υ
D(EX) IS
(|s|, ρ, E) and υ
D(EX) IV
(|s|, ρ, E) are the isoscalar and isovector components of the effective nucleonÄnucleon interaction. A realistic separable energy and density-dependent DDM3Y of the following form has been used:
The explicit radial strengths of the isoscalar (IS) and isovector (IV) components of the M3Y interaction based on the G-matrix of the Reid N N potential are given in the following form [38] :
Equations (6) and (8) mean that the knock on exchange potential is treated approximately by adding a zero-range pseudopotential [38] . This zero-range approximation has been used with some success in the DF model calculations of the heavy ions (HI) optical potential at low energies [36] where the data are sensitive only to the OP at the surface (near the strong absorption radius), it has been shown to be inadequate [39] in the case of rainbow scattering where the data are sensitive to the real OP over a wider radial domain. The g(E) in Eqs. (3) and (4) represents energy-dependent factor (scaling factor) which takes into account the empirical energy dependence of the nucleonÄnucleus optical potential. This scale factor for Reid effective N N interaction takes the form [37] g
where E is the incident particle energy, while A P is the projectile mass number. The F
D(EX) IS
is the realistic density-dependent factor which is included to reproduce the saturation properties of symmetric nuclear matter, while the factor F
D(EX) IV
is to reproduce the empirical symmetry energy and so to construct a realistic equation of state for asymmetric nuclear matter. The functional forms of these density-dependent factors are
C IS = 1.2253, C IV = 0.7597, γ = 1.5124 fm 3 . Through this density dependence the DDM3Y is denoted as BDM3Y1. From Eq. (1) to (10) the direct part of the Re-OP (V D ) has the following form of the IS and IV contributions, correspondingly:
Here ρ 2,p (r 2,p ) and ρ 2,n (r 2,n ) are the proton and neutron densities in the target nucleus. We consider a density for 6 He, which is described with a realistic wave function obtained by the variational Monte Carlo (VMC) wave function used in [14, 40] . This density is composed of ten Gaussian terms as
The parameters P k , N k and A k are listed in Table 1 . The corresponding rms radii from the VMC wave function density are 2.56, 1.96 and 2.81 fm for nucleon, proton and neutron distributions, respectively. Using Eqs. (1)Ä (14), one can obtain the following forms of the direct part of the IS Re-OP expressed by integrals in the coordinate and momentum space, correspondingly:
Similarly, exchanging ρ 2 (r 2 ) by δρ 2 (r 2 ) (Eq. (14)), one can obtain the IV part V D IV of the direct part of Re-OP as
where δρ 2 (r 2 ) is given as
The Fourier transforms of
(|s|) are given from the following relation:
The j 0 (qr) is the spherical Bessel of order zero. The exchange part of the Re-OP Eqs. (6) and (8) makes it easy to compute in coordinate space because of the presence of delta functions.
RESULTS AND DISCUSSION
We perform our calculations on the cross section and analyzing power (at 71 MeV) of p + 6 He elastic scattering using phenomenological optical model potentials and the single folded potential. A search for the phenomenological nuclear potential parameters as well as for the normalization parameter for the single folded potential is carried out using the optical model code HERMES [41] . Bestˇts are obtained by minimizing χ 2 , where
where σ cal (θ i ) and σ exp (θ i ) are the calculated and experimental cross sections, respectively, at angle, θ i Δσ exp (θ i ) is the experimental error and N is the number of data points. An average value of 10% is used for the experimental errors of all considered data.
Phenomenological Analysis.
Optical-model analysis of proton elastic scattering from 6 He has been carried out for 8 sets of scattering data at energies of 24.5, 25.0, 36.2, 38.3, 40.9, 41.6, 71.0, 82.3 MeV [40] , respectively. These data have, in general, been analyzed in terms of an optical model in which the interaction is represented as the scattering of a point particle (proton) by a potential of the standard form,
where theˇrst term is volume real part of the optical potential 
(k = r for real, i for imaginary, so for spin-orbit potentials, respectively), raised to power j. The L is the relative angular momentum between the proton and 6 He nucleus and σ p is the Pauli spin operator of the proton. The last part, U c (R), is the Coulomb potential due to a uniform distribution of appropriate size (radius R c = r 0c A 1/3 ) and total charge,
r 0c isˇxed at 1.3 fm. We aim in the present analysis to get or extract OP for p + 6 He elastic scattering over the considered energy range. For this purpose the usual WS and square WS potentials for the real and imaginary potentials supplied with spin-orbit potential of Thomas form are used. The OP of the usual WS is denoted as Set-1. In this set the shape parameters of both the real and imaginary parts are different andˇxed with energy. The OP denoted as Set-2 is of square WS form. The shape parameters of this set are also different for both real and imaginary potentials andˇxed with energy as Set-1. The OP denoted as Set-3 is of square WS form but the shape parameters of both the real and imaginary potentials are the same. The shape parameters of spin-orbit potential for these sets are chosen according to the bestˇtting of the analyzing power data at 71 MeV incident energy. The shape parameters of spin-orbit potential of Set-1 and Set-2 are r so = 1.248 fm and a so = 0.910 fm. For Set-3 these parameters take the values r so = 1.301 fm and a so = 1.032 fm. In Fig. 1 , the calculations of the observables made with the OPs of Sets-1, 2, and 3 are shown together with the experimental data. The results of these calculations are collected in Table 1 . Calculations with Sets-1, 2 and 3 are shown in Fig. 1 by solid, dashed and dash-dotted lines, respectively. The calculations with all the potential sets reproduce both dσ/dΩ and A y at 71 MeV incident energy over the whole angular region except for the most backward data point of A y . In these calculations, real spin-orbit potentials are used in Sets-1 and 2 where real and imaginary spinorbit potentials are used in Set-3. From Table 1 it is shown that addition of surface imaginary potential for the three sets is needed to reproduce the data. Also, it is shown that the real, imaginary and spin-orbit potentials have no clear energy dependence. This may be attributed to the effect of the breakup of the 6 He nucleus or to the enhancement of the coupling to the continuum which leads to a greater in uence on the nuclear OP of p + 6 He system [21] . The calculations based on Sets-1 and 2 result in appreciable similar dσ/dΩ and A y data as shown in Fig. 1 . The calculations based on Set-3 gave dσ/dΩ and A y different from that of Sets-1 and 2. The calculations of Sets-1 and 2 are near to reproduce the data more than that of Set-3. From all of these calculations it is shown that the phenomenological optical model analyses suggest that the A y data can be reproduced with a shallow and long-ranged spin-orbit Fig. 1 6 He is characterized by long-ranged radial dependence. Intuitively, these characteristics can be understood from the diffused density distribution of 6 He. Also, from the table it is clear that the range of the spin-orbit potential for p + 6 He scattering is larger than that of the real and imaginary potentials.
Single Folding Analysis.
Usually the real part of the optical model potential is obtained using the folding model. In this calculation, the SF procedure (Eq. (1)) is used to obtain the real part of the OP. The imaginary part is treated phenomenologically either by using the WS forms or by normalizing the SF potential by an imaginary normalization factor N i . The spinorbit part is also treated phenomenologically by using the usual Thomas form. The elastic scattering data of p + 6 He system have been analyzed using this real folded potential over the energy range considered above. The calculations based on the real SF potential supplied with imaginary potential of WS form are denoted as SFWS1 in both Fig. 2 and Table 2 . The calculations based on real folded and imaginary potential of square WS are denoted as SFWS2 and SFWS3. In Table 2 it is shown that the shape parameters of the spin-orbit potentials of SFWS1 and SFWS3 are the same and different from that of SFWS2. The shape parameters of spin-orbit potentials used with SFWS1, 3 are r so = 1.248 fm, a so = 0.910 fm with rootmean-square (rms) radius r • and then deviate. The set SFWS1 gives the best result since it is within the experimental errors over the whole angular range considered. For the energy 40.9 MeV, the results of SFWS1 and SFWS3 are very similar and reproduce the data very well over the whole angular range. The difference between the results of SFWS1, 3 and those of SFWS2 starts at an angle of around 32
• . For the energy 82.3 MeV, SFWS2, 3 potentials give very similar results and start to deviate from that of SFWS1 at angle of around 22
• . For the other energies all the three sets give very similar results and reproduce the data nicely over the considered angular range. The experimental data of the analyzing power A y are presented besides those of differential cross sections at the energy 71.0 MeV. This is considered as a good test for the considered potential. From Fig. 2 it is seen that the SFWS1 and SFWS3 results are near to reproduce the experimental data over the whole angular range, except for most backward data points of A y at 71 MeV, more than those of SFWS2.
As another alternative for the imaginary potential, the folded potential is used and normalized by an imaginary normalization factor N i . The spin-orbit potential is treated as usual by using the Thomas form. The calculations based on this imaginary folded potential are denoted as SFRI in Fig. 3 . The bestˇtting parameters of these calculations are collected in Table 3 . It is found that a spin-orbit potential of shape parameters, r so = 1.362 fm, a so = 0.786 fm and of rms radius r 2 so 1/2 = 3.479 fm, gives the best results. As observed in Fig. 3 , the SFRI gives satisfactory results of dσ/dΩ over the considered energy range. For A y , the results of SFRI are within the experimental errors except for the last two angles.
Finally, for consistency, the spin-orbit term is taken extracted from the SF potential as Fig. 2 . Same as Fig. 1 , but using the derived SF real potentials where the form F so (R) is replaced by the folded potential given by Eq. (1) and the real and imaginary depths V so and W so are replaced with the normalization factors N rso and N iso , respectively. By using this procedure, the total optical potential takes the form Fig. 3 . Same as Fig. 1 , but for the derived complex potentials The parameters N r , N i , N rso and N iso are treated as variational parameters to reproduce the experimental cross section. The results of this procedure are denoted as SFRISO and shown by dashed line. The bestˇtting parameters obtained are collected in Table 5 . The rms radius of the obtained spin-orbit potential using Eq. (25) at the energy 71.0 MeV is 3.061 fm. Comparing this value with that obtained using spin-orbit potential of phenomenological Thomas form, we note that the spin-orbit potential of Eq. (25) has a shorter range. So, to reproduce the experimental data by using this procedure, a correction term should be added to the folded spin-orbit potential [12, 35] . Also, a correction term could be added at least to the imaginary folded potential to simulate this effect.
It is commonly surmised that, because 6 He is weakly bound, breakup has a large effect on the elastic scattering channel and is responsible for the reduction of N r below unity. This effect can be represented by a dynamic polarization potential (DPP) which has a strongly repulsive real part in the surface and an additional absorptive (imaginary) part [42] . If the contribution from the DPP were simulated by a surface correction using splines added to both the M3Y and DDM3Y real DF potentials, Khoa et al. [42] could obtain successful descriptions of the 6 Li + 12 C elastic scattering data without using a normalizing factor, i.e., N R = 1, all over the energy range E = 10−53 MeV/nucleon. The obtained total reaction cross sections, σ R , listed in Tables 2Ä4 for both the phenomenological and microscopic calculations are compared with only one available experimental value measured at 36.2 MeV/nucleon, (410 ± 21) mb [22, 44] . In general, σ R decreases almost linearly as energy increases. It is clear that the values of σ R corresponding to the SF calculations are more consistent with the measured value than the corresponding value related to the WS one. Unfortunately, no other reported values of σ R , at the energy range considered in this work, in previous studies are found to be compared with our results.
From this calculation it is expected that the addition of surface imaginary potential to the volume folded one may give better results than those obtained.
CONCLUSIONS
The SF optical potentials are generated based on the deduced density and the BDM3Y1 effective N N interaction. Eight sets of p + 6 He elastic scattering data at energies of 24.5, 25.0, 36.2, 38.3, 40.9, 41.6, 71.0 and 82.3 MeV are analyzed using both the derived real potentials and the phenomenological WS potentials in the framework of the DWBA mechanism. Successful reproductions of the data are obtained using the generated potentials. From the present analysis it is clear that the optical potential of p + 6 He is very ambiguous. Also, from the variation of the depths of volume real, imaginary and surface imaginary potentials in phenomenological analysis, it is clear that introducing the effect of DPP potential is recommended. This effect is also clear through the variation of the normalization factors when the folded model is used to get the real or the imaginary parts of the optical potential. This analysis also shows that a spin-orbit potential with large diffuseness and long range is needed to reproduce the analyzing power data A y at 71 MeV. This may resemble the diffuse density of the neutron-rich 6 He nucleus. It is also recommended that the vector analyzing power should be measured along with the differential cross sections to get an optical potential maybe free of ambiguities, since the vector analyzing power adds another constraint on the considered optical potential.
Finally, the present work conˇrmed the success of the SF model based upon the BDM3Y1 effective N N interaction to produce successful predictions of the p + 6 He elastic scattering data at intermediate energies.
